Responsiueness to potassium and cakium ions of isolated cerebral arteries. Am. J. Physiol. 227(5) : 1206-12 11. 1974.-Dog cerebral arteries (basilar, posterior cerebral, and middle cerebral arteries) with an outside diameter of 0.3-0.5 mm were helically cut into strips so that responses to IS+ and Ca++ could be investigated. The addition of 5 mM K+ produced a transient relaxation, which was related directly to the tension developed by prostaglandin F2a. Similar relaxation was induced in basilar arteries from humans. The K-+-induced relaxation was dependent inversely on [K+]" and directly on the temperature of bathing media. The relaxing effect of K+ was attenuated by ouabain and abolished by substitution of LiCl for NaCl. Cerebral arterial strips when soaked for 60 min in Ca +-+-free media and treated with high concentrations of K+ showed triphasic responses to Ca++ (2.2 mM), rapid contraction, rapid relaxation, and slow, sustained contraction. When K+ was not added prior to Ca++, only a rapid contraction followed by relaxation was induced. The relaxation was increased by treatment with EGTA in combination with exposure to Ca ++-free media. Treatment with ouabain and substitution of LiCl for NaCl abolished the relaxation in response to Ca++ in the K+-treated preparations and fused the rapid and slow contractions into one. It may be concluded that relaxation of cerebral arteries induced by K+ in normal K+ solutions is due to stimulation of the electrogenic Na+ pump and that relaxation following the rapid contraction induced by Ca++ in the arteries exposed to Ca $-+-free media is associated either with a rapid uptake of Ca ++ by sarcop lasmic reticulum or with an active Ca++ extrusion mechanism. arterial strips; basilar artery; dog; human; K+-induced relaxation; contraction caused by Ca++
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The present study was thus undertaken to elucidate the mechanism of the relaxing action of K+ and also to determine the responsiveness to Ca ++ of isolated cerebral arteries which had been exposed to Ca++-free media and then treated to produce depolarization with high concentrations of K+. Cerebral arteries thus treated showed a triphasic pattern of responses to Ca++, which was different from that observed in peripheral arteries (unpublished data). The mechanism of the genesis of the response was also investigated.
METHODS

Mongrel
dogs of both sexes, weighing 8-l 7 kg, were used. The dogs were anesthetized with sodium pentobarbital (50 mg/kg, ip) and sacrificed by bleeding from common carotid arteries. The brain was isolated and the basilar, posterior cerebral, and middle cerebral arteries (0.3-0.5 mm OD) were removed. The vessels were cut helically into strips approximately 25 mm long. The helical strips were fixed vertically between hooks in a 20-ml muscle bath containing the nutrient solution. The upper end of the strip was connected to the lever of a force-displacement transducer (Nihonkoden Kogyo Co., Tokyo), and the resting tension was adjusted to 1.5 g. The bathing medium was bubbled with a mixture of 95 % 02 and 5% CO2 and was maintained at 37 & 0.5"C. The pH of the solution was 7.2-7.4 and the composition was as follows, in millimoles per liter: Na+, 162.1; K+, 5.4; Ca++, 2.2; 157.0; 14.9; and dextrose, 5.6 . Osmotic adjustment was not made when K+ was added and Ca++ was removed.
Before the start of experiments, the preparations were allowed to equilibrate for 90-l 20 min in the bathing medium.
During the equilibration period, the solution was replaced every 20 min. Basilar arteries were obtained within 8 h after death from a 48-yr-old female and a 55-yr-old male, who died following cerebral hemorrhage and brain tumor, respectively. These arteries (1-2 mm OD) were cut into helical strips and fixed between hooks under a resting tension of 2 g in the bathing medium. Studies on the contractile response to Ca++ following incubation in Ca ++-free media were carried out as follows. 
RESULTS
Relaxation induced @ K+. The addition of 5 mM K+ to bathing media caused a transient relaxation (82 =t 10 mg) followed by a slight, sustained contraction (58 & 14 mg) in 74 out of 83 basilar arterial strips from 30 dogs. A similar relaxation was obtained iri 9 out of 10 posterior cerebral arteries and in 7 out of 7 middle cerebral arteries. The relaxing effect of K+ was not influenced by storage in cold (4"C, 24 h), when the preparations had been equilibrated for 90-120 min at 37°C before the start of experiments. Increasing concentrations of K+ to 10 mM or higher tended to reduce the relaxation and augment the contraction. When the preparation was caused to contract in response to prostaglandin Fza, relaxation induced by 5 mM K+ was related directly to the tension developed ( Fig. 1 ). Similar increase in the K+-induced relaxation was obtained when the arteries were contracted with serotonin (2 X 10V8 to 5 X 10e7 M). However, when the tension was increased by K+ (5-20 mM), a further addition of 5 mM K+ produced no or only a slight relaxation.
Reduction of [K+J, to 1.4 mM caused an enhancement of the K+-induced relaxation and a marked prolongation of the response (Table  1) . Lowering the temperature of bathing media to 30 and 20°C decreased the resting tension of arterial strips by 112 =t 26 mg and 204 =t 35 mg (n = 9), respectively.
The tension increased by 156 & 46 mg (n= 9) when the temperature was returned to 37 from 20°C. The relaxing effect of K+ was related directly to the temperature in a range from 37 to 20°C (Fig. 2) .
Treatment of the strips for 20 min with ouabain in concentrations of 5 X 10s8 and 2 X 10B7 M attenuated the up to 10-S M and propranolol at 10-G M failed to alter the relaxation in response to K+. EJ-ects of Cu++ in basilar arteries exposed to Ca++-free mediu. Basilar arterial strips were exposed for 60 min to Ca++-free media and then treated with 25 mM Kf. By exposure to Ca++-free media the contractile response to K+ was markedly attenuated and reversed to a relaxation in 6 out of 22 strips. In these preparations the addition of Ca++ in a concentration of 2.2 mM produced a rapidly developing contraction followed by relaxation, which leveled off at a level higher than the predrug level, and then a slow, sustained contraction.
The representative recordings are shown in Fig. 3 . This pattern of the responses was typical in 17 out of 22 basilar arteries. Similar triphasic responses were obtained in two posterior cerebral and three middle cerebral arteries. Mean values of the time required for attaining the maximum tension of the first contraction and the halfmaximum tension of the second contraction were 1.6 ZIZ 0.2 min (n = 17) and 20.9 =t 1.6 min (1; = 17), respectively. In strips exposed to Ca ++-free media but not treated with K+, only an initial phasic contraction was elicited with the addition of Ca ++ (2.2 mM). Tonic contraction occurred following the addition of' K+ (Fig. 3, lower tracing) . Mean values of the phasic and tonic contractions in freshly excised and cold-stored (4"C, 24 h) preparations are shown in It has been demonstrated that increase in cellular Na+ and decrease in K+ induced by cold storage are corrected after rewarming, 4 h for strips of rabbit aortas, and 2 h for uterine strips (6). As compared with the contractile response to K+ in normal solutions, the first contraction in response to Ca++ (shown as A in Table TABLE   3 . &S-O?LWS to cu'+ of busilar urteriul strips exposed to Ca++-free mediu 3) was approximately one-half, with the second contraction (shown as C) being approximately the same. The responses to Ca++ were not influenced bv 10-S M tetrodotoxin. When the preparations were treated with 1 mM EGTA in Ca++-free media, the relaxation following rapid contraction in response to Ca++ was greater than that observed when the arteries were exposed to Ca++-free media. This is presented in Table 3 as the value B being appreciably less in EGTA-treated preparations (33 =I= 2 1 mg) than in nontreated ones (158 & 26 mg), despite the fact that A is greater in the EGTA-treated strips. Figure 4 demonstrates modifications by ouabain of the responses to 2.2 mM Ca++ in arterial strips exposed to Ca++-free media and depolarized by K+. Treatment for 20 min with 5 X lo+ M ouabain attenuated the relaxation following the rapid contraction.
Further increase in the concentration of ouabain to 2 X lo-' M potcntiated the rapid contraction and fused the phasic and tonic contractions into one. The maximum tension which developed within 5 min after the addition of Ca++ was significantly greater (P < 0.01) than that obtained in nontreated preparations, whereas mean values of sustained tension increments in control and ouabain-treated strips were not significantly different. A typical example for the different responsiveness to Ca++ is illustrated in Fig. 5 . Even though I(+ was not applied to preparations treated with 2 X lo-' M ouabain in Ca++-free media, a similar pattern of contractions was induced following the addition of Ca++ (shown as triangles in Fig. 4) Tables 3 and 4) .
DISCUSSION
The present study revealed that the addition of K+ in a concentration of 5 mM produced a transient relaxation in cerebral arterial strips from both humans and dogs when exposed to normal bathing media. Incidence of the relaxation produced in cerebral arteries (74 out of 83) was much higher than in coronary (14 out of 61) and superior mesenteric arteries (9 out of 44) of dogs (unpublished data). Relaxation observed in cerebral arterial strips was increased with increasing concentrations induced by prostaglandin Fga and was not associated with antagonism of K+ specific to prostaglandin-induced contraction, since a similar relaxation was produced when the strips were contracted with serotonin.
In rabbit coronary arterial strips contracted with acetylcholine, small increments in [K+],, caused no or only a slight relaxation; however, when the strips had been subjected to low [K+J, (1.18 mM), K+ produced marked relaxation ( 12). In canine carotid arteries, influxes of K+ are relatively unchanged between 5 and 10 mM [K+10 (8), indicating that the Na +, K-t-activated transport system may not be stimulated to any great extent. In fact, isolated cat carotid arteries showed relaxation only when treated with K+-free solutions (3). In contrast, cerebral arteries exposed to normal [K+lo (5.4 mM) h s owed a marked relaxation in response to 5 mM K +. Exposure to low [K+10 resulted in a marked prolongation of the response. Quantitative difference in the responsiveness of cerebral, coronary, carotid, and mesenteric arteries to small increments in [K+10 reflects the different activity of mechanisms (e.g., Na+, K+-activated transport mechanism) responsible for the K+-induced relaxation.
It has been demonstrated that in isolated strips of canine small subcutaneous arteries in which plasma or norepinephrine elicits a tonic increase in the tension and superimposed rhythmic, phasic con tractions, the addition of K+ reduces the frequency of the rhythmic activity which leads to partial relaxation (7). Such spontaneity was not observed in isolated cerebral arteries when contracted with prostaglandin or serotonin or relaxed with K+. Thus, the reduction in pacemaker frequency cannot be considered as the mechanism of K+-induced relaxation in cerebral arteries as it is in the case of subcutaneous arteries (7). Findings obtained figure) were 1.18 g (for upper) and 1.21 g (for lower). ATPase in the K+-induced relaxation. It is known that the ATPase is involved in the active extrusion of Na+ by an electrogenic Na+ pump, since the properties of the pump are clearly similar to those of the enzyme ( 17). In recent years, it has been suggested that an electrogenie Na+ pump which acts as a current generator producing hyperpolarization operates in smooth muscles (2, 4, 20 
